Neuronal constituents of the human anterior cingulate cortex displayed morphological changes related to the 43-kDa transactive response DNA-binding protein (TDP-43) in advanced pathological stages of sporadic amyotrophic lateral sclerosis (sALS). By using nonphosphorylation-dependent TDP-43 immunocytochemistry, it was seen that the changes in susceptible pyramidal cells of the superficial cellular layers II-IIIab differed from those in the deep layers IIIc-Vb: A complete loss of nuclear TDP-43 expression (i.e. nuclear clearing) in the small projection neurons of layers II-IIIab was consistently accompanied by the development of somatic skein-like TDP-43-immunopositive inclusions. In contrast, in the large pyramidal cells of layers IIIc-Vb and von Economo neurons of layer Vb, skein-like inclusions were lacking or, when aggregated TDP-43 was present, the aggregates presented as dash-like TDP-43-immunopositive particles in the vicinity of the cell nucleus. The cytoskeleton of projection neurons in layers II-IIIab is neurofilament-sparse in contrast to that of the large neurons in layers IIIc-Vb, which are rich in neurofilaments and also heat shock proteins that function as their molecular chaperones. The disparities between the two neuronal populations may contribute to the two differing immunocytochemical profiles reported here. Some implications of the findings for the pathogenesis and progression of TDP-43 pathology in sALS are discussed.
INTRODUCTION
The majority of sporadic amyotrophic lateral sclerosis (sALS) cases is associated with the dysregulation of the 43-kDa transactive response DNA-binding protein (TDP-43) (1) (2) (3) (4) (5) . The cortical pathology associated with such cases begins in the primary motor neocortex (6) (7) (8) (9) (10) and, it has been proposed from there, it progresses via premotor areas into prefrontal regions, including anterior portions of the cingulate gyrus, and eventually into allocortical regions of the temporal lobe (the entorhinal region and hippocampal formation) (6, 7, 11, 12) . Thus, superordinate limbic system areas within the cingulate gyrus (13) become involved during advanced pathological stages of sALS (6, 7, 14, 15) .
Anterior cingulate areas of the frontal lobe consist of an agranular/dysgranular and magnocellular cortex, with large projection neurons predominating chiefly in layers IIIc and V in the absence or near absence of a granular layer (layer IV; Fig. 1a ) (16) . In addition, the anterior cingulate cortex is characterized by an unusual cell type, namely, the radially oriented and spindle-shaped von Economo cells in layer Vb (13, (17) (18) (19) (20) (21) (22) . The superficial cellular layers II-IIIab consist mainly of small pyramidal cells with a neurofilament-sparse cytoskeleton. Even with advancing age, these neurons accumulate very few lipofuscin deposits and, in this respect, they differ from the large pyramidal cells and von Economo neurons in layers IIIc-Vb that generally display a neurofilament-rich cytoskeleton and large deposits of lipofuscin granules (23) .
Immunostaining of intraneuronal heat-shock proteins, such as aB-crystallin, hsp27, and hsp70, is often accompanied by characteristic morphological changes in both the shapes and sizes of the nerve cells involved. The somata take on a grossly swollen ("ballooned") appearance, and such neurons belong to the neuropathological signatures of argyrophilic grain disease (AGD) (24, 25) , progressive supranuclear palsy (26, 27) , corticobasal degeneration (28, 29) , Pick disease (30, 31) , Parkinson disease (32) , and Creutzfeldt-Jakob disease (31) . It is unclear to what extent ballooned neurons occur in sALS and whether their presence consistently points to the co-incidence of any of the diseases mentioned above (33) (34) (35) .
Here, we aimed to see if, among the cells of the anterior cingulate cortex involved in sALS, the pyramidal cells and von Economo neurons in layers IIIc-Vb display immunocytochemical profiles that differ from those of pyramidal neurons in layers II-IIIab and from the profiles reported in a recent study of the layer Vb giant Betz cells in the primary motor cortex of sALS cases (36) .
MATERIALS AND METHODS

Study Cohort
Twenty (n ¼ 20) cases with a clinically and neuropathologically confirmed diagnosis of sALS (37) (38) (39) according to a recently published protocol (8) . Four controls were included. This retrospective study was performed in compliance with university ethics committee guidelines as well as German federal and state law governing human tissue usage. Informed written permission was obtained from all patients and/or their next of kin. Table contains a summary of the demographic, clinical, and neuropathological staging data of the sALS cases (8 females, 12 males, 43-82 6 9.9 years of age) and controls (1 female, 3 males, 60-72 6 5.5 years of age). (Table, case Table, case 17) . (e-g) An example of a layer IIIb TDP-43-positive pyramidal cell (framed area in e is shown at higher magnification in f) containing a meganeurite (arrows in f and g) filled with TDP-43-positive aggregates (Table, case (Table, case (Table, cases 19 and 12) . (l) Layer IIIb pyramidal cell with skein-like aggregate (Table, case 15) . These intraneuronal thread-like ubiquitin-and TDP-43-positive but tau-and a-synuclein-negative inclusions are pathological hallmarks of sporadic ALS (sALS), but they have not been reported previously in the anterior cingulate cortex. In the small projection neurons of layer IIIab, a complete loss of nuclear TDP-43 expression (i.e. nuclear clearing) was accompanied by the development of somatic skein-like TDP-43-immunopositive inclusions. All sALS cases at neuropathological stages 3 and 4 displayed these pathological changes in layers IIIab, whereas controls and sALS cases with stage 1 and 2 neuropathology were unremarkable. Scale bar in b applies to e; bar in c is also valid for f; bar in d applies to g and h-l. Section thickness: 100 mm.
Tissue Embedding, Sectioning, and Staining
Brains were fixed by immersion in a 4% buffered aqueous solution of formaldehyde for 10-14 days. After fixation, the hemispheres were cut perpendicular to Forel's axis into 1 cm thick slices, and, in addition to the regions needed for neuropathological staging (8) , tissue blocks containing the Brodmann field 24 of the anterior cingulate cortex were embedded either in paraffin or in polyethylene glycol (PEG 1000, Merck, Carl Roth Ltd, Karlsruhe, Germany) as previously (7, 36) . Tissue sectioning of PEG tissue was performed with a tetrander (Jung, Heidelberg, Germany) at a thickness of 100 mm, as previously (36) . Paraffin sections of 70-mm thickness were sectioned according to a recently published protocol (40) .
Free-floating sections from each case were pretreated with performic acid and stained with aldehyde fuchsin for selective staining of lipofuscin deposits combined with a basophilic Nissl stain (Darrow red) for topographical overview and with silver methods to visualize neurofibrillary lesions (Gallyas silver-iodide) and Ab plaques (Campbell-Switzer) associated with Alzheimer disease, as described elsewhere (41) . Sets of free-floating, 100-mm sections were selected from all sALS and control cases for formic acid (TDP-43) or microwave (SMI-311) pretreatment followed by immunostaining with a commercially available rabbit polyclonal antibody recognizing the N-terminal of normal nuclear TDP-43 (1:5000; Proteintech, Manchester, UK) (43) . Selected sections then underwent double immunostaining with TDP-43 plus the monoclonal antibody SMI-311 for recognition of nonphosphorylated neurofilaments (1:1000; Covance, Berkeley, CA). The SK-4700 blue chromogen (SG Substrate Kit, Vector, Burlingame, CA) was selected for visualization of TDP-43 immunostaining, whereas SMI-311 immunoreactions were visualized with the brown chromogen 3, 3 0 -diaminobenzidine tetrahydrochloride ([DAB], D5637 Sigma, Taufkirchen, Germany). Finally, sets of 100-mm sections underwent immunostaining with a polyclonal antibody against hsp27 (1:1000; Enzo Life Sciences; Lörrach, Germany).
Tissue sections for immunohistochemistry were treated for 30 minutes in a mixture of 10% methanol plus 10% concentrated (30%) H 2 O 2 , and 80% Tris. Following pretreatment with 100% formic acid for 3 minutes or microwave for 30 minutes to facilitate the immunoreactions, blocking with bovine serum albumin was performed to inhibit endogenous peroxidase and to prevent nonspecific binding. Subsequently, each of the sets of free-floating sections was incubated for 18 hours at 20 C using the primary antibodies. Subsequent to processing with a corresponding secondary biotinylated antibody (anti-mouse or anti-rabbit IgG, 1:200; Linaris, Vector Laboratories) for 1.5 hours, all immunoreactions were visualized with the avidin-biotin complex (ABC, Vectastain, Vector Laboratories) for 2 hours and the chromogen DAB. Omission of the primary antiserum resulted in nonstaining. Positive as well as negative control sections were included for all immunoreactions. The tissue sections were cleared, mounted, and cover-slipped (Histomount, National Diagnostics, Atlanta, GA).
All tissue sections were viewed and neuropathological staging was performed with an Olympus BX61 microscope (Olympus Optical, Tokyo, Japan). Digital micrographs were taken with an Olympus XC50 camera using the analysis Soft Imaging System (Münster, Germany).
RESULTS
Agranular/dysgranular regions of the anterior cingulate cortex were not involved until sALS stages 3 and 4 and were unremarkable in all controls (Table) , whereas all sALS cases at stages 3 or 4 displayed the pathological changes reported here. The neurons in the molecular layer (layer I) were uninvolved. Pathologically changed projection cells in each of the cellular layers II-VI and in layer Vb (the layer where von Economo neurons are located) were in the minority and were loosely distributed amidst normal cells. It was not possible to assign a pattern or hierarchy of sequential involvement to the various layers. Some cases showed slight involvement of projection neurons, whereas others exhibited more severe TDP-43 pathology.
Healthy pyramidal cells in layer II displayed strong intranuclear TDP-43 immunostaining and very mild SMI-311 cytoskeletal immunoreactivity. Isolated small pyramidal cells in layer II with a TDP-43-negative cell nucleus displayed TDP-43-positive skein-like cytoplasmic aggregates that nearly filled the soma. The term "skein-like" describes the characteristic intraneuronal ubiquitin-and TDP-43-positive but tau-and a-synuclein-negative thread-like inclusions in sALS (1, 2, 44) .
The slender pyramidal cells in layers IIIab (Fig. 1b-L ) displayed the same changes as those observed above in layer II. Remarkably, however, most layer IIIab pyramidal neurons also contained spindle-shaped and radially-oriented protrusions (i.e. "meganeurites") given off from basal portions of their cell somata (Fig. 1g, i-k, arrows) . The axons of these cells appeared to originate from the distal end of their meganeurites (45, 46) , which-in involved cells-were almost completely filled with cytoplasmic TDP-43-immunopositive aggregates (Fig. 1g, i, k) and lipofuscin granules.
In the large pyramidal cells of layer IIIc (Fig. 2a-e) , fluctuations in the intensity of the intranuclear TDP-43 immunostaining were observable. Reduced intranuclear immunoreactivity in cells culminated in their displaying TDP-43-immunonegative nuclei in the absence or near absence of cytoplasmic inclusions (Fig. 2d) . However, the majority of the pyramidal cells with immunonegative cell nuclei contained powdery (dash-like) cytoplasmic particles (Fig. 2b, c) , with the highest density close to the nuclear membrane and the lowest concentration at the periphery (47) . These particles did not protrude into axonal processes. Skein-like cytoplasmic inclusions were rarely seen in layer IIIc pyramidal cells with TDP-43-immunonegative nuclei (Fig. 2e) .
In layer V, which is divided into a cell-rich layer Va (Fig. 2f-n) directly following on layer IIIc and a sparsely populated layer Vb (Fig. 3) , the projection neurons of layer Va and spindle-shaped von Economo neurons of layer Vb were strongly SMI-311-positive (48) . In sALS cases with stages 3-4 pathology, the cell nuclei of layer V projection cells, as in layer IIIc (Fig. 2a-e) , displayed varying degrees of TDP-43 nuclear clearing and seldom produced skein-like aggregates; instead, fine dash-like cytoplasmic particles predominated (Fig. 2g-n) located chiefly near the cell nucleus. From there, the particles became less dense and did not protrude into the axon hillock (Fig. 2i, l-n) (47) .
Other von Economo neurons and pyramidal cells in layer V displayed faintly TDP-43-immunoreactive cell nuclei, but these were accompanied by cytoplasmic inclusions (Fig. 2N, arrowheads) . A more frequent finding, however, was the occurrence of TDP-43-immunonegative nuclei combined with the complete or nearly complete absence of cytoplasmic aggregations (Fig. 3f) . The medium-sized projection neurons of layer VI were less frequently involved than the pyramidal cells in layers IIIc and V. Layer VI pyramidal cells displayed less pronounced SMI-311 immunoreactions and contained TDP-43 cytoplasmic inclusions.
In a case with concomitant sALS and severe AGD (34), bloated, so-called "ballooned," nerve cells were visible amidst the SMI-311-rich projection neurons and were irregularly disseminated throughout the anterior cingulate cortex (Table,  case 17) . Their achromatic, neurofilament-rich somata together with some cellular processes were conspicuously thickened (Fig. 3h-k) . Basophilic Nissl bodies and lipofuscin granules were nearly lacking. The cell nuclei were remarkably small in relation to the large somata and were located at the extreme periphery of the cytoplasm (Fig. 3h) . These achromatic cells were strongly immunoreactive for hsp 27 (data not shown). Whereas most of the ballooned neurons in layers IIIc and V displayed normal intranuclear TDP-43-immunostaining (Fig. 3h) , others revealed an empty cell nucleus and lacked somatic cytoplasmic aggregates (see Fig. 3i ballooned von Economo neuron in layer Vb and Fig. 3k ballooned layer Va pyramidal cell). (Table,  case 17 ). In contrast to layers IIIab, large pyramidal cells of layers IIIc-Vb and the von Economo neurons of layers Vb (see Fig. 3 ) that showed nuclear clearing lacked somatic skein-like inclusions or, when aggregated TDP-43 was present, it could be seen as dash-like TDP-43-immunopositive cytoplasmic particles near the cell nucleus. This pathological profile was seen in sALS cases at neuropathological stages 3 and 4, whereas controls and sALS cases with stage 1 and 2 neuropathology were unremarkable. Scale bar in a applies to h and k; bar in e also applies to d, m, and n; bar in l is valid for b, c, f, and i. Section thickness: 100 mm.
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DISCUSSION
Here, we show that pyramidal cells in layers IIIc-Vb and von Economo neurons in layer Vb of the anterior cingulate cortex become involved during sALS. In addition, both the pyramidal neurons in layers IIIc-Vb and the von Economo cells display immunocytochemical profiles that differ from those seen in pyramidal neurons of layers II-IIIab. We also report the existence in sALS/AGD of achromatic ballooned neurons in the anterior cingulate cortex. Taken together, these findings extend the findings we reported recently for the giant Betz cells in layer Vb of the primary motor cortex in sALS (36) .
Light microscopic identification of the various classes of nerve cells in the human cerebral cortex is facilitated by means of pigment-Nissl staining, which permits both recognition of basophilic material and distinctive lipofuscin profiles as well as the assessment of neuronal loss based on the presence of neuronal lipofuscin pigment remnants lying free in the neuropil (8, 23) (Fig. 1a) . In addition, the study of cortical neurons can be facilitated by using 100-mm sections, a thickness that exceeds the average diameter of the larger pyramidal cells in their entirety, thereby minimizing the risk of assessing partially cut neurons when using the micrometer knob for fine adjustment at all focal planes of the section (40, 41) . Immunohistochemically, antibodies directed against nonphosphorylated neurofilament proteins (SM-311) make it possible to distinguish between cortical projection cells with a greater and those with a lesser filamentous content (48, 49) .
In the agranular/dysgranular fields of the anterior cingulate cortex, small and preponderantly SMI-311-negative or nearly SMI-311-negative pyramidal cells in layers II-IIIab differ from those in the deep layers IIIc-Vb, which are characterized by intensely nonphosphorylated-neurofilament-positive cell bodies (48, 50, 51) . Here, we observed that the projection neurons in layers II-IIIab and IIIc-Vb also differed in their responses to the sALS-associated pathological process: Pyramidal cells in layers II-IIIab displayed an "all or nothing" TDP-43 nuclear clearing profile, that is, either strong TDP-43 immunostaining or a completely "empty" (TDP-43-immunonegative) cell nucleus that was consistently accompanied by the presence of insoluble somatic inclusions, mostly in the form of skein-like aggregates. In contrast, the pyramidal cells in the deeper layers IIIc-Vb displayed varying degrees of TDP-43 nuclear clearing. Moreover, in some of these deep layer cells, a completely "empty" cell nucleus did not result in the presence of cytoplasmic inclusions. None of the controls examined and none of the sALS cases with stage 1 or 2 neuropathology displayed these changes.
It was not possible to determine how long the lack of cytoplasmic aggregates persisted; however, we could see that many of the involved deep layer projection neurons developed dash-like TDP-43 particles near their cell nuclei (Figs. 2B, C,  I , L-N, 3D, G) (47) . It should be noted that the dash-like inclusions appeared, in relation to the voluminous cell nuclei, to be disproportionately less numerous than the putative amount of the normal intranuclear TDP-43 protein. Provided one were to use solely immunoreactions directed against phosphorylated TDP-43, the differences in the development of the inclusion body pathology between the upper and deeper layers could lead to the mistaken impression that the disease process in sALS involves essentially or even only the superficial cortical layers.
The absence of the aggregate formation or the delayed appearance of only dash-like particulate inclusions raises questions about the fate of the cytoplasmic TDP-43 protein once it no longer reenters the cell nucleus. Does the partially soluble but abnormal extranuclear protein remain in the cytoplasm with concealed epitopes, thereby escaping detection in immunoreactions directed against normal TDP-43? Are there possibly chaperone-like molecules specifically associated with the altered protein in the cytoplasm that hinder its normal immunoreactivity? In any case, it is known that altered and abnormal cytoplasmic TDP-43 is capable of spilling over into the axon (11, 52, 53) , where mechanisms for the elimination of misfolded proteins are not available (54) (55) (56) .
In this context, the conspicuous development of TDP-43-positive skein-like inclusions in the superficial cortical layers II-IIIab may be viewed as a minor event, inasmuch as the prion-like seeding potential of TDP-43 could be effectively prevented by the immediate formation of insoluble polymeric aggregates in the cytoplasm. In contrast, the absence or delayed production of cytoplasmic inclusions in the deeper layers IIIc-Vb could pave the way for the spread of pathological and probably still soluble TDP-43 (57) into the axons which, via transsynaptic transfer, could perpetuate the self-propagation of the disease process (58) (59) (60) (61) (62) (63) .
An exceptional feature of the small neurofilamentsparse pyramidal cells in layers IIIab is their tendency to develop spindle-shaped and radially oriented meganeurites. The skein-like inclusions present in the somatodendritic compartment of the pyramidal cells in layers IIIab also filled the meganeurites but almost never entered the proximal axon. Thus, it can be concluded that meganeurites in sALS are a diseaseindependent and, more likely, an age-related morphological phenomenon within the human brain (46) .
Here, some of the large neurofilament-rich projection cells and von Economo neurons were seen to be "ballooned" cells in heat shock protein immunoreactions in a case with concomitant sALS-associated TDP-43 pathology and AGD (Table, case 17) . Heat shock proteins maintain the integrity of the cytoskeletal network and are highly expressed in neurofilament-rich projection neurons (64) (65) (66) (67) (68) . Upregulation of heat shock proteins, which are thought to contribute to the ALS pathogenesis (69) (70) (71) , is one of many cellular responses to stressors (72) . As molecular chaperones, they probably recognize and correct dangerous protein-protein interactions by assisting in the refolding of pathologically altered or mutant proteins during stressful conditions (73) (74) (75) (76) (77) .
Ballooned cells in the sALS/AGD case developed in large SMI-311-positive projection neurons. Whereas some of these cells remained free of sALS-associated lesions (Fig. 3H) , others revealed abnormalities that were confined to nuclear clearing in the complete absence of cytoplasmic inclusions (Fig. 3i, k) . This, in turn, suggests that even upregulation of heat shock proteins-as in the ballooned cells-is insufficient to prevent the onset of TDP-43 dysregulation, as is indicated by the nuclear clearing. Yet, the heat shock protein response in these cells apparently suffices to effectively suppress the formation of cytoplasmic aggregates (Fig. 3i, k) . It is possible that heat shock proteins could delay or even prevent the production of the cytoplasmic skein-or dash-like inclusions (75, 76, (78) (79) (80) . As such, the heat shock proteins might actually support ("chaperone") the cell-to-cell propagation of the protein TDP-43. According to this concept, all neurofilament-rich neurons in the cerebral cortex could participate in the seeded aggregation of TDP-43 and, in so doing, make transsynaptic neuron-to-neuron disease progression possible (7, 9, 81) .
The agranular/dysgranular and magnocellular regions of the anterior cingulate gyrus have many traits in common with the agranular and magnocellular primary motor field of the neocortex: Both regions harbor unusual neuronal types in layer Vb, for example, the von Economo cells in the anterior cingulate region and the Betz cells in the primary motor field. In primates, the occurrence of von Economo cells is largely confined to humans and to the hominoid lineage of great apes (13, (19) (20) (21) 82) .
The primary motor field is a "superordinate" field of the cortico-somatomotor system, whereas the anterior cingulate region can be viewed as a "superordinate" region of the corticoautonomic system (13, 22) . The cingulate region receives strong input from the retrosplenial cortex and projects massively to the basolateral nuclei of the amygdala. From there, projections preferentially target the hippocampal formation and ventral striatum. Via the ventral striatum, ventral pallidum, and mediodorsal thalamic nuclei, the limbic efferents of the amygdala and hippocampal formation heavily influence the prefrontal neocortex (Fig. 3) (83) . Figure 4 shows the most important connections of the anterior cingulate region as part of the diverse limbic circuits influencing the human prefrontal cortex.
Functionally, the anterior cingulate region is chiefly responsible for tasks related to intuition, empathy, and social awareness, and it guides the processing of more complex social interactions and self-evaluation (21, 82) . Pathological changes in this region, including those in von Economo neurons, have been identified in autism, schizophrenia, and other neurodegenerative disorders, such as the behavioral variant of frontotemporal dementia (12, 22, (84) (85) (86) (87) (88) (89) . Our present findings extend previous investigations of the von Economo cells and the anterior cingulate cortex by other groups in the ALS field: Some of the deficiencies in social competence encountered in patients with more advanced disease may reflect TDP-43-related neurodegeneration of the anterior cingulate cortex. The lesions there, in combination with the TDP-43 pathology that develops in the entorhinal region and hippocampal formation (7, 8) , could contribute to behavioral changes (90) and cognitive impairment (91) .
